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Abstract
Aging is characterized by brain structural changes that may compromise motor functions. In the context of postural control, white matter
integrity is crucial for the efficient transfer of visual, proprioceptive and vestibular feedback in the brain. To determine the role of age-related
white matter decline as a function of the sensory feedback necessary to correct posture, we acquired diffusion weighted images in young
and old subjects. A force platform was used to measure changes in body posture under conditions of compromised proprioceptive and/or
visual feedback. In the young group, no significant brain structure-balance relations were found. In the elderly however, the integrity of a
cluster in the frontal forceps explained 21% of the variance in postural control when proprioceptive information was compromised.
Additionally, when only the vestibular system supplied reliable information, the occipital forceps was the best predictor of balance
performance (42%). Age-related white matter decline may thus be predictive of balance performance in the elderly when sensory systems
start to degrade.
© 2011 Elsevier Inc. All rights reserved.
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In elderly individuals postural control gradually declines
(Cohen et al., 1996; Horak et al., 1989; Maki et al., 1999;
Stelmach et al., 1989), leading to an increasing risk of falls
and so-called postfall syndrome, i.e., decreased mobility
and increased rigidity due to fear of falling. Apart from
musculoskeletal changes (Lord et al., 1991), postural con-
trol in the elderly declines as a result of reduced neural
integration of visual, vestibular, and proprioceptive feed-
back, leading to inappropriate or suboptimal balance motor
commands. With respect to proprioceptive feedback, re-
search has already shown that the elderly have reduced
* Corresponding author at: Laboratory of Motor Control, Research Cen-
ter for Movement Control and Neuroplasticity, Group Biomedical Sci-
ences, K.U. Leuven, Tervuursevest 101, B-3001 Heverlee, Belgium. Tel.:
32 16 32 90 71; fax: 32 16 32 91 97.E-mail address: Stephan.Swinnen@faber.kuleuven.be (S.P. Swinnen).
197-4580/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
oi:10.1016/j.neurobiolaging.2011.06.013numbers of cutaneous (Maki et al., 1999) and joint mecha-
noreceptors (Aydog˘ et al., 2006), contributing to a reduced
joint position sense (Goble et al., 2009). Visual feedback
may be compromised because the eyes are subject to age-
related pathologies (cataract, glaucoma, etc.) (Leibowitz et
al., 1980) and furthermore, the vestibular system is impaired
in approximately 30% of the people over the age of 70 (Fife
and Baloh, 1993). In addition to these peripheral changes,
efficient integration of different sensory inputs in the brain
might be compromised because of age-related decline in
gray (Good et al., 2001; Kalpouzos et al., 2009; Smith et al.,
2007) and white matter integrity (Abe et al., 2002; Barrick
et al., 2010; Nusbaum et al., 2001; Sullivan and Pfeffer-
baum, 2006, 2007; Sullivan et al., 2001; Zhang et al., 2010).
During the past decade the effect of brain aging on
postural control has gained increasing interest from neuro-
scientists using medical imaging. Guttmann et al. (2000)
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region of interest (ROI)-analyses were performed to refine
the study of white matter changes. Sullivan et al. (2001)
acquired diffusion weighted scans from a sample encom-
passing the adult life-span and correlated fractional anisot-
ropy (FA), a measure of white matter integrity, with scores
from an ataxia test battery. The time spent standing on 1 leg
with eyes closed appeared to be positively correlated with
the FA within 4 ROIs: genu and splenium of the corpus
callosum, centrum semiovale, and parietal pericallosal area.
In a later study by the same group (Sullivan et al., 2010),
nly the FA of the frontal forceps was reported to show a
ositive correlation with this measure. However, additional
ultiple regression analyses revealed that age, and not the
ntegrity of the frontal forceps, was the predominant factor
riving this relationship.
A complementary study (Sullivan et al., 2009) was per-
formed in which fluid attenuated inversion recovery (FLAIR)
images were acquired. White matter hyperintensity burden,
an index of fluid accumulation as a result of white matter
lesions, was calculated and correlated to postural sway (as
measured on a force platform). Greater postural sway was
found to be related to greater supratentorial cerebrospinal
fluid volume in men, and higher white matter hyperintensity
burden in women. Unfortunately this analysis did not allow
identifying the potential role of normal-appearing white
matter in postural sway, and comparison with previous
studies is thus difficult. Ryberg et al. (2007) applied a
similar approach, using balance scores on a semi- and full-
tandem stance test. They acquired fluid attenuated inversion
recovery images in order to measure the volume of 5 sub-
regions of the corpus callosum. None of these volumes were
significantly correlated with balance performance.
In view of these contradicting results more research is
needed to further clarify the role of white matter integrity in
postural control of healthy elderly. Exploring such relations
between brain structure and behavior may indirectly con-
tribute to the development of therapies that target central
processing in order to improve postural control in elderly,
and prolong independent living. The present study elabo-
rates on previous results by testing upright stance in old and
young subjects under dynamic conditions, while compro-
mising visual as well as proprioceptive feedback. In contrast
to many balance test batteries that are aimed at detecting
loss of balance, the dynamic posturography setup used here
was developed to identify how subjects reweight sensory
information in order to maintain balance control (Black et
al., 1983; Goebel et al., 1997; Monsell et al., 1997; Nashner
et al., 1982). By systematically degrading sensory feedback,
it provides a more complete picture of postural control in
elderly.
A voxel-based analysis of the white matter was per-
formed in order to detect balance-brain structure relations
that might have been overlooked by previous studies usinga ROI-based approach. Tract based spatial statistics (TBSS)
was used to detect age-related white matter changes on a
voxelized skeleton, representing the center of white matter
tracts. A regression approach was then applied in both age
groups to detect white matter regions that are correlated
with postural control. Based on previous work underscoring
the need for age-related increased cognitive control over
motor performance in general (Heuninckx et al., 2005,
2008; Swinnen et al., 2010) and balance in particular (Dault
et al., 2001a, 2001b; Doumas et al., 2009; Huxhold et al.,
2006; Rankin et al., 2000), we speculated that especially the
integrity of the frontal white matter tracts would be predic-
tive of the older subjects’ balance performance.
2. Methods
2.1. Subjects
Thirty-one young adults (17 female, mean age 25.3,
years, range 19.8–32.4) and 36 older adults (18 females,
mean age, 68.6; range 62.0–81.1) with no history of neu-
rological diseases participated in the study. Scans from 2
older subjects contained artifacts and were therefore dis-
carded from all further analyses. All participants had normal
or corrected to normal vision and were right-handed, as
assessed by the Edinburgh Handedness Inventory (Oldfield,
1971). The Mini-Mental State Examination (Folstein et al.,
1975) was used to determine general cognitive function. All
the elderly scored within normal limits (score  27). Par-
ticipants were informed about the experimental procedures
and provided written informed consent. The study was ap-
proved by the local Ethics Committee of K.U. Leuven and
was performed in accordance with the 1964 Declaration of
Helsinki.
2.2. Experimental design
2.2.1. Sensory organization test
Two or 3 days prior to scanning, postural control was
tested on an Equitest balance platform (Neurocom Interna-
tional, Inc., Clackamas, OR, USA). This dynamic postural
test system consists of a surface with dual forceplate (23 
46 cm), force transducers and a movable visual surround.
The Sensory Organization Test (SOT) was administered,
whereby the forceplate measures the angular displacement
() of the center of gravity (COG) of the subject’s body, and
under certain conditions (see further), adjusts the surface
concurrently so as to maintain a constant ankle joint posi-
tion (sway-referencing). We used the SOT to measure sub-
jects’ reliance on different sensory systems and their ability
to correct posture under compromised conditions (Doumas
and Krampe, 2010). Subjects stood on the surface barefoot,
with the medial malleoli of the ankles aligned to the centers
of rotation of the forceplate. A safety harness was used to
prevent falls in case of loss of balance. Four conditions were
of interest in which visual and proprioceptive feedback were
systematically altered (Fig. 1).
International, Inc., Clackamas, OR, USA.
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where visual, proprioceptive and vestibular feedback were
available to control posture. SOT-B was the same, except
that the subject was asked to close his/her eyes, thereby
eliminating all visual information. In SOT-C, the subject’s
eyes were open and the surface was sway-referenced,
thereby keeping the ankle joint position constant. The re-
sulting ankle proprioceptive feedback was thus no longer a
useful indicator of body sway, and therefore a reweighing of
sensory inputs was required. Finally, in SOT-D the surface
was again sway-referenced and the subject was now asked
to close his/her eyes. Hence only the vestibular system
provided accurate feedback about body position. Each con-
dition was repeated 3 times, resulting in 12 trials. A trial
lasted 20 seconds. Subjects always started by performing
SOT-A, whereas the order of the remaining trials was ran-
domized within subjects.
2.2.2. Image acquisition protocol
All scanning was performed on a Siemens 3 T Magne-
tom Trio MRI scanner (Siemens, Erlangen, Germany) with
12 channel matrix head coil, using a diffusion tensor imag-
ing (DTI) SE-EPI (diffusion weighted single shot spin-echo
echoplanar imaging) sequence (repetition time  7200;
echo time  81 ms; matrix  96  96, 2.86  2.18  2.18
mm voxels, 56 sagittal slices). Diffusion sensitizing gradi-
ents were applied at a b-value of 1000 seconds/mm2, along
64 noncollinear directions. One b0 image with no diffusion
weighting was acquired. A 3D magnetization prepared rapid
acquisition gradient echo (MPRAGE) high resolution T1-
weighted image (repetition time  2300 ms, echo time 
2.98 ms, field of view  240  256, 1  1  1.1 mm
voxels, 160 sagittal slices) was acquired to check for pos-
sible abnormalities in gray matter.
2.3. Data analysis
2.3.1. Postural control
Custom-written Matlab scripts (Matlab 7.4, MathWorks,
Natick, MA, USA) were used to calculate the anterior-
posterior (AP) sway and medial-lateral (ML) sway, based
on the center of pressure (COP). The AP and ML compo-
nents of the COP trajectory were first low-pass filtered,
using a fourth order Butterworth dual-pass filter (cutoff
frequency: 10 Hz). Then an 88% confidence ellipse was
fitted onto the x-y plane of the COP trajectory using prin-
cipal-component analysis, thereby excluding outliers. The
length of the ellipse axes was equal to 2 standard deviations
of the COP trajectory along each axis. Increase in the size of
the ellipse area reflects a decrease in postural stability. For
details on this method see Duarte and Zatsiorsky (2002) and
Oliveira et al. (1996). Additionally an equilibrium score
(Eq) was calculated according to the following formula:
Eq 12.5 maxmin 100 ⁄ 12.5°
whereby  is the angular displacement of the center of gravityFig. 1. Schematic representation of the 4 conditions of the Sensory Orga-
nization Test and an example data set of an old subject’s center of pressure
(COP) displacement (cm) in anterior-posterior (AP) (y-axis) and medial-
lateral (ML) (x-axis) direction across a 20-second trial. In the top right
corner of the graphs the available sensory systems (visual, proprioceptive,
















































4 A. Van Impe et al. / Neurobiology of Aging xx (2011) xxxjects’ AP sway to a theoretical sway stability limit of 12.5°, i.e.,
bigger sway angles will lead to falling (Brouwer et al., 1998).
A lower Eq is interpreted as more sway; a fall or adjustment of
the feet to prevent falling was scored as 0. The ellipse areas and
Eq were subjected to analysis of variance (ANOVA) for re-
peated measurements with between-subjects factor “age
group” (young and old) and the within-subjects factors “pro-
prioceptive feedback” (2 levels: normal or sway-referenced)
and “visual feedback” (2 levels: normal or absent). The level of
significance was set to   0.05.
.3.2. DTI: preprocessing
TBSS (Smith et al., 2006), part of the FSL software
ackage (Smith et al., 2004) (Functional MRI of the Brain
Software Library (FMRIB), Oxford, UK), was used for a
voxel-based analysis of the DTI data. Scans of all subjects
were first skull-stripped using the Brain Extraction Tool.
The data were then corrected for subject motion and eddy-
current induced geometric distortions (Jones and Basser,
2004). Subsequently the diffusion sensitizing gradients
(“bvecs”) were rotated to correct for motion and the diffu-
sion tensor model was fit to the data, from which FA-images
were calculated. In order to correct for morphological individ-
ual differences, scans were registered to a common space
(FA158 template in Montreal Neurological Institute (MNI)
space, www.fmrib.ox.ac.uk/fsl/data/FMRIB58_FA.html), us-
ing FMRIB’s Non-Linear Image Registration Tool (FNIRT).
Next a mean FA image was created which was then eroded
to a skeleton, representing the medial trajectory of white
matter tracts. This group-average skeleton was thresholded
at FA 0.25. Last, scans of all subjects were projected onto
this group-average skeleton. Tbss_non_FA was used to ap-
ply the nonlinear registration and skeletonization to the
axial diffusivity (the first eigenvalue) and the radial diffu-
sivity (the mean of the second and third eigenvalue) images.
2.3.3. DTI: statistical analysis
Randomized permutation testing (10,000 permutations)
was used for statistical inference (Nichols and Holmes,
2002). First a t-test was performed to detect clusters of
voxels for which FA-values were significantly smaller in the
old as compared with the young group, i.e., regions that
were subject to age-related white matter decline. The mean
FA-skeleton was used as an inclusive mask. Cluster-based
thresholding by using the null distribution of the maximal
cluster-mass (t  3.1, p  0.05, family wise error [FWE]
corrected) was used to detect significant white matter clus-
ters. Secondly a regression approach was used to identify
voxels for which FA values showed a linear trend with the
previously discussed Eq balance metric. There were 6 ex-
planatory variables in the design. The first 2 explanatory
variables specified the groups. The following 2 explanatory
variables contained the demeaned ages for old and young
subjects respectively. Because the age range in the group of
elderly comprised 19 years, this factor was entered into the
design as a confounding variable to be able to characterize cDTI-balance correlations that were attributed to white mat-
ter integrity alone. The remaining 2 explanatory variables
specified the demeaned Eq. Because ellipse area and Eq
were correlated (ryoung  0.61, and rold  0.74, aver-
ged across the 4 conditions, all p-values  0.05), running
he analysis with ellipse area instead of Eq provided similar
esults. Therefore only the results of the Eq analysis are
eported. The analysis was performed for each condition
eparately. For all statistical maps threshold-free cluster
nhancement (TFCE) (Smith and Nichols, 2009) was used
o identify significant white matter clusters (p 0.05, FWE-
orrected). Alternatively, a more stringent cluster-based
hresholding by using the null distribution of the maximal
luster-mass (t  3.1, p  0.05, FWE-corrected) was used,
o further distinguish the contribution of certain white mat-
er tracts to balance performance. For each subject the mean
A value was extracted from the observed clusters, and
hese data were subjected to a stepwise linear regression
Matlab 7.4; Mathworks) in order to plot the regression line
nd obtain adjusted R2 values. The regression model thus
ontained Eq as a dependent variable, and age and mean FA
f the observed region as independent predictors.
To determine whether the observed FA-Eq relations were
ttributed to axial or to radial diffusivity, the above analysis
as repeated for these measures. The Johns Hopkins Univer-
ity atlas (fsl.fmrib.ox.ac.uk/fsl/fslview/atlas-descriptions.html),
s supplied by FSL, was used to localize significant voxels.
. Results
.1. Postural control
Balance performance during each condition was trans-
ormed into an Eq metric and the corresponding ellipse area
as calculated. For ellipse area both age groups contained
n outlier (more that 3 SD from the mean). Data from these
subjects were therefore removed from the analysis. For
oth Eq and ellipse area, repeated measures analysis of
ariance showed a significant main effect of group (Eq:
(1,63)  19.17, p  0.0001, ellipse area: F(1,61)  8.10,
 0.05), proprioceptive feedback (Eq: F(1,63)  302.34,
 0.0001, ellipse area: F(1,61)  11.2, p  0.0001) and
isual feedback (Eq: F(1,63)  205.25, p  0.0001, ellipse
rea: F(1,61)  75.5, p  0.001), i.e., balance performance
as worse (lower Eq and bigger ellipse area) in the old
ersus the young group, when proprioceptive feedback was
way-referenced versus normal and when vision was absent
ersus normal. Furthermore there was a significant “propri-
ceptive feedback  visual feedback  age group” inter-
ction for both metrics (Eq: F(1,63)  5.78, p  0.05,
llipse area: F(1,61)  4.4, p  0.05). The interaction
hown in Fig. 2 can be interpreted as follows: compared
ith upright stance in stable conditions (SOT-A), both
roups showed more sway when proprioceptive feedback
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present in both age groups, it was much more pronounced in
the elderly. Omission of vision alone (SOT-B) did not have
a significant effect on balance.
3.2. DTI data
3.2.1. Age-related white matter changes
Widespread age-related decreases in FA were detected in
white matter pathways connecting frontal, parietal, occipi-
tal, and subcortical areas (Fig. 3). More specifically, the
older group had a lower white matter integrity in the frontal
forceps, genu and body of the corpus callosum, cingulum,
fornix, anterior thalamic radiation, inferior fronto-occipital
fasciculus, superior and inferior longitudinal fasciculus, and
occipital forceps. Fig. 4 shows an increased axial and radial
diffusivity in old as compared with young subjects. The
changes in radial diffusivity mostly complied with FA
changes. Age-related increased axial diffusivity was most
prominent in the fornix.
3.2.2. Voxelwise TBSS regression approach
In the young group no white matter regions were found for
which the FA was related to balance performance. In the old
group, after correcting for possible confounding effects of age,
correlations between white matter integrity and Eq were only
found for conditions where proprioceptive feedback (SOT-C)
Fig. 2. Balance measures. Data points represent means  standard error
(SE). Graphs show a significant 3-way interaction for both equilibrium
score (Eq) (top graphs) and ellipse area (bottom graphs).or proprioceptive and visual feedback were compromised(SOT-D). In both conditions a significant positive linear trend
(p 0.05, TFCE-corrected) was found between Eq and FA of
parts of the following tracts: frontal forceps, left optic tract,
bilateral anterior thalamic radiation, superior corona radiata,
cingulum, corpus callosum, bilateral inferior longitudinal
fasciculus, inferior fronto-occipital fasciculus, and occipital
forceps (see Fig. 5). For these tracts lower FA-values were
thus associated with lower balance performance. A more
stringent threshold correction (p  0.05, t  3.1, cluster-
mass corrected) was used to further determine the associa-
tion between specific white matter regions and balance
performance under different sensory conditions (SOT-C and
SOT-D).
3.2.3. SOT-C: sway-referenced platform
The FA of a cluster in the genu of the corpus callosum,
extending to the frontal forceps bilaterally, was predictive
(adjusted R2  0.40, p  0.001) of performance on SOT-C
(Fig. 6). Closer inspection of the data showed that for this
luster, 1 older subject with low balance performance also had
mean FA-value of more than 3 SD from the group mean.
eanalysis of the data following removal of this subject re-
ealed that still 21% (adjusted R2  0.21, p  0.01) of the
ariance in performance on SOT-C could be explained by the
A of the ROI in the frontal forceps (Fig. 6).
Voxelwise analysis of the axial and radial diffusivity was
ubsequently performed to determine whether FA-Eq rela-
ions could be attributed to either axonal (Song et al., 2003)
r myelin degeneration (Song et al., 2002, 2005). It was
ound that primarily higher radial diffusivity in the frontal
orceps was associated with lower balance performance.
.2.4. SOT-D: sway-referenced platform and eyes closed
The FA of 2 clusters in the bilateral occipital forceps
ere predictive (adjusted R2  0.42) of performance on
OT-D (see Fig. 6). For axial diffusivity no white matter
oxels were found to correlate with balance performance.
or radial diffusivity a negative linear trend was observed
etween balance performance and a region in the left oc-
ipital forceps, albeit at a nonsignificant level (p  0.1).
4. Discussion
Previous work has demonstrated age-related changes in
brain gray (Good et al., 2001; Kalpouzos et al., 2009; Smith
et al., 2007) and white matter structure (Abe et al., 2002;
Barrick et al., 2010; Nusbaum et al., 2001; Sullivan and
Pfefferbaum, 2006, 2007; Sullivan et al., 2001; Zhang et al.,
2010). These changes may be associated with cognitive and
motor declines as well as altered sensorimotor processing.
With respect to balance, studies investigating the role of
white matter integrity in age-related balance decline have
reported conflicting results (Ryberg et al., 2007; Sullivan et
al., 2001, 2010) (see Introduction). This may partly be due
to the different clinical test batteries used to assess bal-













6 A. Van Impe et al. / Neurobiology of Aging xx (2011) xxxlations, such tests may be less optimal to capture brain
structure-balance relations in healthy elderly. Therefore
in the current study, postural control was assessed by
measuring body sway during upright stance on a dynamic
balance platform. The applied SOT-protocol allowed the
manipulation of visual and proprioceptive input. Conse-
quently subjects were required to reweight sensory infor-
mation to maintain balance, as is necessary during many
daily life activities. TBSS was used to identify micro-
structural white matter changes that are predictive of
postural control in aging. The results of this analysis will
be discussed in more detail next.
4.1. Age-related white matter degeneration
In agreement with previous studies we observed age-
related FA decreases and radial diffusivity increases in the
Fig. 3. Statistical maps of white matter voxels, having significantly (p  0.0
roup. Significant clusters are projected onto FMRIB58_FA_1-mm temp
onvention.corpus callosum (Abe et al., 2002; Barrick et al., 2010; iSullivan et al., 2001; Zahr et al., 2009; Zhang et al., 2008),
cingulum (Barrick et al., 2010; Zahr et al., 2009), fornix
(Zahr et al., 2009), inferior fronto-occipital fasciculus,
(Hasan et al., 2010), and superior and inferior longitudinal
asciculus (Hasan et al., 2010; Zahr et al., 2009). Changes in
adial diffusivity are often interpreted as reflecting a degen-
ration of myelin sheaths and/or an accumulation of glial
ells (Song et al., 2002, 2005). In the elderly this is usually
consequence of ischemic changes (Baltan, 2009). FA
ecline may also be indirectly associated with reduced gray
atter thickness, because both are correlated (r  0.57) in
he aged (Kochunov et al., 2007).
.2. The role of age-related white matter degeneration in
ostural control
In agreement with previous studies using sway-referenc-
3.1, cluster-mass corrected) smaller FA-values in the old than in the young
Montreal Neurological Institute (MNI) space, according to neurological5, t 
late inng (Cohen et al., 1996; Doumas et al., 2008) or tendon
.7A. Van Impe et al. / Neurobiology of Aging xx (2011) xxxvibration (Speers et al., 2002; Teasdale and Simoneau,
2001) to manipulate proprioceptive feedback, we showed
that both old and young subjects relied more on proprio-
ception than on vision to maintain balance. More specifi-
cally, during upright stance on a stable surface (SOT-A)
balance did not deteriorate when closing the eyes (SOT-B),
whereas it did deteriorate when proprioceptive feedback
was compromised, i.e., when the surface was sway-refer-
enced (SOT-C). This effect was most pronounced in the
older group. Teasdale and Simoneau (2001) demonstrated
that elderly subjects also had more difficulty with reinte-
grating correct proprioceptive information, after proprio-
ceptive inputs had been manipulated. They speculated that
the elderly’s difficulty in weighting sensory information to
maintain balance could in part be explained by the reduced
availability of brain resources. In agreement with their result
Fig. 4. Statistical maps of white matter voxels, having significantly (p 
diffusivity (green and red) in the old than in the young group. Signific
Neurological Institute (MNI) space, according to neurological conventionwe assumed that the requirement to reweight sensory inputswould allow the detection of meaningful brain structure-
balance relations.
The force platform used in the present study manipulated
ankle proprioceptive input under eyes open (SOT-C) and
eyes closed conditions (SOT-D) (see 2.2.1. Methods). For
both conditions various white matter clusters were observed
for which FA showed a positive linear trend with balance
performance. These clusters were situated in white matter
tracts that were all affected by aging and involved afferent
and efferent pathways, i.e., frontal forceps, left optic tract,
bilateral anterior thalamic radiation, superior corona radi-
ata, cingulum, corpus callosum, bilateral inferior longi-
tudinal fasciculus, inferior fronto-occipital fasciculus,
and occipital forceps. The role of these white matter
tracts in balance performance is not surprising. Previous
research has shown the involvement of the superior and
 3.1, cluster-mass corrected) higher axial (green and blue) and radial
sters are projected onto the FMRIB58_FA_1-mm template in Montreal0.05, t
ant clumiddle frontal gyri, precentral gyrus, and superior pari-
8 A. Van Impe et al. / Neurobiology of Aging xx (2011) xxxetal lobe in postural control (Mihara et al., 2008;
Slobounov et al., 2005), thereby confirming that postural
control is a complex sensorimotor coordination task that
requires integration of different types of sensory infor-
mation, and execution of corrective motor commands.
This is enabled by transmission of information across
cortical-subcortical pathways.
Since these structure-balance relations were not present
in the young group, we assume that age-related white matter
degeneration affects efficient transmission and processing
of sensorimotor information, thereby contributing to bal-
ance impairments in the elderly. This implies that age-
related decline of postural control is dependent on multiple
factors not only involving peripheral neural and musculo-
skeletal changes as well as altered postural strategies, but
also changes in the central nervous system pathways. The
effect of the various balance manipulations in the elderly is
Fig. 5. Statistical maps of white matter voxels, showing a significant (p 
fractional anisotropy (FA)-values and equilibrium score (Eq) for Sensory O
template, according to neurological convention.discussed next.4.2.1. Postural control in the elderly during manipulation
of ankle proprioception
Although various white matter tracts were correlated
with balance performance in SOT-C (see 4.2. Discussion),
i.e., when ankle proprioceptive feedback was compromised,
more stringent thresholding showed that the integrity of a
cluster in the genu of the corpus callosum alone explained
21% of the variance in balance performance. Further anal-
ysis revealed that this effect was more associated with radial
as compared with axial diffusivity. Assuming that radial
diffusivity is an indirect marker of myelin status (Song et
al., 2002, 2005), the present data suggest that higher myelin
degeneration of this region was associated with weaker
balance performance.
The results are in accordance with a recent study show-
ing that in homebound elderly suffering from various neu-
rological diseases, white matter degeneration of an ROI in
reshold-free cluster enhancement [TFCE] corrected) linear trend between
ation Test (SOT)-C and SOT-D, projected onto the FMRIB58_FA_1-mm0.05, th








9A. Van Impe et al. / Neurobiology of Aging xx (2011) xxxand balance impairment (Bhadelia et al., 2009). Our find-
ngs extend these results by showing that also in healthy
lder individuals the integrity of this area, as well as the
Fig. 6. Statistical maps of white matter voxels, showing a significant (p
negative axial and radial diffusivity linear trend between white matte
FMRIB58_FA_1-mm template, according to neurological convention. The gra
(indicated by the red arrows) as predictors for balance performance during SOrojections to the frontopolar cortex (Park et al., 2008) maye associated with quality of postural control. The fronto-
olar cortex is involved in top-down control over actions
nd attentional shifts (Ramnani and Owen, 2004), as well as
, t  3.1, cluster-mass corrected) positive (fractional anisotropy; FA) or
res of the old group and equilibrium score (Eq), projected onto the
s the result of a stepwise regression including age and the mean FA of an ROI
p graph) and SOT-D (bottom graph). L, left hemisphere; R, right hemisphere. 0.05
r measu
ph showmotor skill learning (Taubert et al., 2010). In the context of
10 A. Van Impe et al. / Neurobiology of Aging xx (2011) xxxaging, frontal white matter tracts are of special interest since
several research groups have put forth the so-called “frontal
aging” hypothesis (Greenwood, 2000; West, 1996), postu-
lating that aging affects anterior white matter tracts more
than posterior ones. Thus tasks that require executive func-
tion or cognitive control over actions (Miller, 2000) would
be more prone to age-related deficits. It is reasonable to
assume that elderly make use of top-down mechanisms,
exerting cognitive control over the motor system, to main-
tain balance, especially when proprioceptive feedback is
compromised. More generally, elderly make increasingly
use of cognitive resources to control action (Heuninckx et
al., 2005, 2008; Swinnen et al., 2010). Various dual-task
studies are also consistent with this idea because healthy
elderly increasingly rely on cognitive reserve to safeguard
their posture under attentionally more demanding balance
conditions (Dault et al., 2001a, 2001b; Doumas et al., 2009;
Huxhold et al., 2006; Rankin et al., 2000). At the same time,
studies in patients with Alzheimer’s disease (Mazoteras-
Muñoz et al., 2010) show that they are more frequently
prone to balance and gait impairment than are cognitively
healthy elderly.
4.2.2. Postural control in the elderly when ankle
proprioception is manipulated and vision is omitted
In SOT-D ankle proprioceptive feedback was compro-
mised and visual feedback was absent, resulting in a higher
reliance on the vestibular system for provision of correct
postural information. Cortical (Emri et al., 2003; Fasold et
al., 2002) and galvanic (Stephan et al., 2005) stimulations of
the vestibular system have shown activations in a wide-
spread vestibular cortical network comprising the temporo-
parietal junction, the insular cortex, the inferior frontal
gyrus, and anterior cingulate gyrus. Furthermore vestibular
stimulation leads to deactivations in the visual and somato-
sensory cortex as opposed to baseline (Stephan et al., 2005).
This suggests that reciprocal inhibitory interactions exist
between the vestibular network and the visual cortex
(Brandt et al., 1998), that are present even when subjects are
standing in complete darkness (Naito et al., 2003). Our
observations also suggested the involvement of white matter
pathways transmitting visual input under eyes-closed con-
ditions. More specifically, bilateral areas in the occipital
forceps predicted 42% of the variance in the older group’s
balance scores when only the vestibular system provided
accurate feedback (SOT-D). The observed areas were situ-
ated in a region where occipital forceps and inferior fronto-
occipital fasciculus coincide. Among other things, these
white matter tracts may play a role in the interactions
between the vestibular and the visual system, described
previously. The occipital forceps forms an interhemispheric
connection between visual areas, whereas the inferior fron-
to-occipital fasciculus connects the dorsal prefrontal areas
to posterior parietal and occipital areas (Catani et al., 2002;
Doricchi et al., 2008; Martino et al., 2010). These tracts areimportant in the integration and reweighing of visual and
proprioceptive information.
Even though referring to tracts involved in transmission
of visual information in a condition deprived of visual input
appears counterintuitive, various factors may contribute to
this association. For example, it is conceivable that old
subjects used some form of imagery to maintain their pos-
ture under eyes-closed conditions. Moreover, the role of the
visual cortex may be more pronounced in the elderly due to
an overall reduced inhibition in sensory cortices. For exam-
ple, Zwergal et al. (2010) measured blood oxygen level-
dependent (BOLD)-responses in old and young subjects
while they imagined themselves standing. Although all sub-
jects had their eyes closed, old subjects had higher BOLD-
responses in vestibular as well as visual cortices (MT/V5).
Because the integrity of these tracts was not significantly
correlated with SOT-B (stable surface, eyes closed) we
assume that balance conditions have to be sufficiently chal-
lenging, i.e., ankle proprioceptive feedback is less reliable
and visual cues cannot be used for orientation, for signifi-
cant white matter integrity-balance relations to appear. Fur-
ther research combining various brain imaging techniques
will be necessary to further unravel the role of brain integ-
rity and function in age-related balance impairments.
Another note of caution is that the prominence of tracts
interconnecting cortical brain areas for predicting balance
should not be taken to imply that corticocerebellar tracts, or
vestibular pathways to the thalamus are of minor impor-
tance for postural control. Postural control is an extremely
complex function that requires the intensive cooperation of
cortical and subcortical structures. Nevertheless, the emer-
gence of cortical pathways in predicting balance perfor-
mance is consistent with the general notion that aging is
associated with increased cognitive control over action
(Heuninckx et al., 2005, 2008; Swinnen et al., 2010).
4.3. Conclusions
This is the first study, combining a voxel-based analysis
of the white matter with dynamic posturography in the
context of aging. Our results show that after removal of
variance accounted for by age, white matter integrity of
frontal and fronto-occipital tracts were predictive of balance
performance in the older but not the younger group. These
brain structure-balance relations were most pronounced
when sensory feedback was manipulated. DTI may thus
serve as a diagnostic tool for early identification of balance
deficits in healthy elderly, as sensory systems start to de-
cline. Therefore, therapies aimed at the improvement of
balance performance should not only address musculoskel-
etal changes, but also try to stimulate neural processing by
training subjects’ postural control under conditions of ma-
nipulated sensory feedback, and making postural tasks more
cognitively challenging.
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